Rural households in developing countries rely heavily on biomass fuels to provide energy for cooking. We explore whether the characteristics of biomass supply and consumption are changing as a result of land use change in western Uganda. We pair remote sensing data of land use change in 18 villages with detailed data for a panel of 455 households on the type, quantity, and source of biomass fuels used in 2007 and 2012. In our study area, where there has been considerable deforestation and forest degradation, we find that there has been a 23 per cent reduction in fuel wood sourced from proximate forests and woodlands and an 18 per cent increase in fuel wood sourced from fallows, agricultural lands and other wild areas with much lower biomass availability than forests. We assume that fuel sourced from these areas is of lower quality than fuel wood sourced from fully stocked forests. We also observe a 5 per cent increase in the use of crop residues. We find that over time the quantity of fuel used by households has increased by roughly 16-17 kilograms per month.
Introduction
Fuel and cooking technology choices in the developing world are garnering increased attention in the wake of new research about the health impacts of exposure to smoke from biomass fuels (Smith 2000; Ezzati et al. 2002; Mishra et al. 2004; Fullerton et al. 2008; Sreeramareddy et al. 2011) . Similarly, biomass smoke or "black carbon" has been implicated in regional and global climate change (Ramanthan and Carmichael 2008; UNEP and WMO 2011) . 1 The Global Alliance for Clean Cookstoves (www.cleancookstoves.org) is one example of a mechanism for increased public investment in addressing fuel use and cooking technology options in developing countries. Public investments directed at reducing household emissions are viewed as potentially generating a 'double-dividend,' because actions relating to fuel and cooking technology could have large and immediate impacts on both local health and greenhouse gas pollutants (Kandlikar et al. 2009; Smith and Balakrishnan 2002; Smith et al. 2009 ).
Between 2 and 3 billion people, or roughly 40 per cent of the world's population are completely dependent on biomass as their primary fuel for cooking and heating (Vlosky & Smithhart 2011; Openshaw 2011; Grieshop, Marshall & Kandlikar 2011; WHO 2006 , Foell et al. 2011 . Barnes et al. (2006) estimate that the absolute number of people dependent on biomass fuels will increase through 2030, suggesting that policy makers should be attentive to factors that influence the supply, demand and distribution of biomass fuels.
The consumption of biomass fuels is higher in sub-Saharan Africa than in any other region 1 The terms biomass fuels, solid fuels and traditional fuels are used interchangeably in the literature. These fuels are differentiated from the modern or liquid fuels (e.g. paraffin, kerosene, liquid petroleum gas) which are considered to be more efficient and less damaging to human health. (Arnold, Köhlin & Persson, 2005; Vlosky & Smithhart, 2011; Bailis, Ezzati & Kammen, 2005; Nkambwe & Sekhwela 2006) , and demographic trends, including both population growth and rapid urbanization suggest that demand will continue to grow. 2 East Africa is particularly dependent on biomass fuels: more than 95 per cent of the populations of Burundi, Ethiopia, Rwanda, Tanzania and Uganda use solid fuels for cooking and heating (WHO 2006) . This degree of dependence places the region in sharp focus for investigating the environmental and health impacts of using biomass for energy purposes.
While demand for biomass fuels continues to grow in sub-Saharan Africa, rapid land use change is reducing the supply of high quality biomass and leading individuals to shift collection away from forests toward locations such as farms and fields that typically yield much lower per hectare quantities of biomass (DeFries et al. 2010; Ahrends et al. 2010) .
Such changes in the supply of locally-available biomass fuels have implications for household fuel use and the exposure of women and children to harmful gasses and particulate matter associated with the incomplete combustion of low-quality biomass.
These changes also have indirect effects on how women and children use their time, the number of meals that are cooked, and the types of foods that are prepared. All can affect overall food security as well as health and nutrition outcomes. Nevertheless, how land use change affects the types, quantities and sources of biomass fuels, and how those in turn affect health and welfare outcomes is poorly understood. This paper focuses on two questions relevant to these global concerns. First, we ask whether changes in forest cover in Uganda are precipitating changes in household fuel portfolios, i.e. the relative shares of different types of fuels consumed by a household. A typical fuel portfolio in rural Uganda includes fuel wood of varying qualities, charcoal and crop residues. In addition to cataloging the types of fuels being used, we also measure the quantities and identify the sources of these fuels, in particular whether fuels are being collected from forests or elsewhere. We hypothesize that forest degradation and loss may be leading households to substitute fuel from non-forest environments, including fallows and bush land, in place of higher-quality forest-based fuels. We also hypothesize that forest degradation and loss reduce overall household fuel consumption. To test these conjectures we use panel data from 455 households in western Uganda, collected in 2007 and 2012.
These data include detailed information about the types, quantities and qualities of biomass fuels consumed, and allow use to measure changes in these features over time.
Our second research question focuses on how patterns of biomass fuel consumption affect health outcomes for women and children. Specifically we test two hypotheses. First we study whether the quantity of fuel used by a household is correlated with the incidence of acute respiratory infection (ARI). Second, we test whether the incidence of ARI is correlated with a shift away from high quality fuel wood (sourced from forests) toward lower quality fuels (sourced outside of forests). For this stage of the analysis we use data from the 2012 wave of our survey which recorded symptoms typical of ARI among children under age 5 and adults -typically women -involved in cooking. 3 . Our sample includes 1823 women and children that were residing within the 555 households included in our survey.
We estimate a series of probit regression models that take into account household-level characteristics known to influence health outcomes and estimate marginal effects of changes in the quantities and types of fuels used.
Our findings confirm that rapid deforestation is changing the fuel portfolios of rural households. We find evidence of a major shift to fuel wood sourced from non-forest areas including fallows, agricultural plots and bush lands. Crop residues are also increasingly common. We also find evidence of a link between biomass source and the incidence of ARI.
Controlling for other characteristics of the household, individuals living in households that sourced their fuel from forests had lower overall rates of ARI, compared with those living in households that are more dependent on fuel from non-forest areas. Our findings confirm that deforestation plays a role in altering household fuel portfolios and suggests that ongoing changes in fuel use have implications for human health.
Linking biomass supply to health outcomes
Our analysis rests on a two stage causal pathway. Along the first path, forest quality, forest proximity and overall patterns of land use influence fuel availability and household decisions regarding fuel used for cooking and household chores. Along the second pathway, the types and quantities of fuels used by the household determines respiratory health outcomes for women and children.
(a) Land use and biomass availability
One of the primary tensions in the developing world is the imbalance between a rapidly expanding population and a diminishing resource base. According to one estimate, developing countries occupy 55% of global land area but contain 76% of the population (Openshaw 2011) . This disproportionate distribution of natural resources necessitates careful consideration of how existing resources are used and what effects they have on individuals' livelihoods and on the environment. The acquisition and use of fuel support the basic human needs of cooking and heating, and throughout the developing world the use of different fuel types can have adverse health and environmental consequences.
Predictions of a "fuel wood crisis" in the developing world (e.g. Eckholm 1975 ) pushed researchers throughout the past several decades to investigate interactions between fuel wood use, deforestation, and energy poverty in developing countries. While dire predictions have largely been dismissed, past warnings informed the structure of many developing nations' energy policies, which remain unchanged today. To some extent, this has hindered progress in sustainable fuel wood management (Zulu 2010) . Broadly speaking, research addressing the sustainable harvest of woody biomass and fuel wood fall into two groups. A first school of thought asserts that fuel wood harvesting is a major contributor to global forest degradation and has severe negative environmental ramifications. The second school of thought asserts that the impacts of non-commercial fuel wood harvesting are not necessarily negative, and that harvesting can sometimes even improve environmental robustness (Masera et al. 2006; Openshaw 2011; Arnold, et al. 2005; Nkambwe & Sekhwela 2006; Foley et al. 2005 , Naughton-Treves, et al. 2007 ).
The proposed contribution of woody biomass harvesting to land degradation and its associated negative environmental effects are largely dependent on both the setting and parameters employed to characterize woody biomass stocks. In many rural areas, gathering wood for fuel has been shown to not have a detrimental impact on land, but in more densely populated areas where natural resources are less abundant, the demand for land and resources can lead to higher degree of degradation (Nkambwe & Sekjwela 2006) .
Highlighted throughout the literature is the growing disconnect between small-scale harvesting systems put in place by rural and peri-urban communities and national-scale policies designed to ensure the long-term sustainability of forest stocks (Kaburi & Medley, 2011; Hiemstra-van der Horst & Havorka, 2009 ). Much of this disconnect stems from the inconsistent measures used to determine availability of biomass throughout tropical forests and other landscapes.
Several studies have noted the lack of information available about fuel wood harvesting practices, geography, and dynamics, specifically with respect to woody biomass availability within different land uses (Masera et al. 2006; Smeets & Faaij 2007; Foley 2001; Hiemstravan der Horst & Havorka 2009 ). Much of the material like fallen branches, dead wood, and material from shrubs that serve as an important sources of fuel for many rural populations are not necessarily included in overall assessments of biomass stocks. Furthermore, it is difficult to synthesize what information is available due to the range of scopes employed to characterize the stock of woody biomass throughout tropical regions; inventories of this nature rarely take into account biomass stocks outside forest regions (Turyareeba, Drichi & UNEP 2001; Foley 2001; Smeets & Faiij 2007) . While one estimate shows that dry tropical woodlands provide as much as 80% of energy needs for urban and rural populations in sub-Saharan Africa (Foley 2001) , other landscapes can also serve as important sources of fuel stocks. This literature has largely focused on the hypothesis that biomass fuel harvesting is a driver of deforestation and degradation. However, limited attention has been paid to the role of large scale deforestation-as observed in many places in subSaharan Africa-on fuel availability.
(b) Health Impacts of Woody Biomass Burning
Serious health implications can arise when biomass is burned in an enclosed space without proper ventilation. It has been estimated that as much as 76 percent of all global particulate air pollution occurs indoors in developing nations, a figure that can be largely attributed to the burning of biomass for cooking and heating purposes (Fullerton, et al. 2008) . The WHO (2006) identifies the most common ailments associated with indoor air pollution as acute infections of the lower respiratory tract, chronic obstructive pulmonary disease, lung cancer, asthma, cataracts, and tuberculosis. ARIs, which can result from inhalation of particulate matter and other toxins, are responsible for as much as 6 per cent of global disease and mortality, predominantly in less-developed nations (Ezzati & Kammen 2001) .
Women, as the primary cooks and caretakers of most households, are especially vulnerable to the health impacts caused by the inhalation of particulates from biomass smoke. Not only do they bear the largest health burdens associated with emissions from woody biomass, they also lose time and suffer physical consequences from gathering and transporting biomass fuels (Foell et al. 2011 ).
The health impacts from burning woody biomass in an unventilated indoor environment are considered more harmful than second-hand tobacco smoke or industrial emissions (Dosier, 2004) , and have been estimated in some cases to exceed the equivalent of smoking two packages of cigarettes every day (WHO 2006) . Exposure can exceed the U.S.
Environmental Protection Agency's recommended exposure levels by as much as a hundred times (Bailis, et al. 2009 ). The World Health Organization (WHO) has estimated that as many as 2.5 million women and young children die prematurely each year from respiratory ailments caused by inhalation of smoke from open biomass-burning stoves, (Arnold, et al. 2005) . It is estimated that in 2000, 51 per cent of child deaths and 63 per cent of adult female deaths in sub-Saharan Africa were attributable to pollution caused by household burning of biomass (Bailis, et al., 2005) . Young children exposed to high concentrations of byproducts from biomass burning like carbon monoxide, hydrocarbons, and particulate matter are two to three times more likely to develop acute lower respiratory tract infections than children in households using cleaner fuels. Mothers exposed to these toxins not only run the risk of their own respiratory infection, their children can present with lowered birth weights and nutritional deficiencies that can slow development and even result in stunting (Fullerton, et al. 2008 ).
While there has been a gradual progression towards cleaner fuels in the past decades with targeted aid programs, these developments have been unable to maintain pace with population growth, leading to an overall increase in the number of individuals who rely on the combustion of solid fuels (WHO 2006) . A 2011 study investigating the economic and health benefits of using improved cook stoves indicates that traditional cooking methods, which involve using supports over an open fire and lack any means of emissions capture or combustion control, can be improved in three ways: by increasing thermal energy, by reducing emissions, and by increasing ventilation (Grieshop et al. 2011) . The focus that international aid organizations have put on promoting safer-burning cook stoves has not attained the scope necessary to impact public health outcomes on a wide scale in subSaharan Africa (Bailis et al. 2009 ). While many development projects have made a positive overall impact, , the growing dependence on biomass presents a substantial hurdle to scaling up these efforts, and one that is likely to be overcome only through public sector investment (Kees & Feldmann 2011) . Zhang et al. (2000) encourage aid organizations to strive for a balance between greenhouse gas emissions, thermal efficiency of stoves, and health ramifications when considering interventions, rather than just one of the three.
Discovering the proper balance in a timely manner is essential, since projections indicate that unless effective interventions are implemented at scale, indoor air pollution may cause as many as 9.8 million premature deaths by the year 2030 (Bailis, et al. 2005) .
Research on the determinants of fuel and cooking technology use has been heavily focused on demand side determinants including income, household size and education (Arnold et al. 2005; Baland et al. 2010 ). Few studies model a comprehensive set of both the supply and demand side determinants of fuel and technology use, and most studies are focused on relatively small geographic areas, making it difficult to include heterogeneous meso-and macro-level variables. A recent study by Rehfuess et al. (2010) used hierarchical Baysian spatial models to quantify heterogeneity between regions and districts, and finds that fuel choice in three SSA countries is heavily influenced by neighborhood effects and place. These findings suggest that the sharp focus on household level determinants and case studies provides only a partial picture of the determinants of fuel and technology use. This study aims to develop and test a model that includes meso and micro level variables.
Study area, sampling and empirical approach (a) Study area
The study villages fall within seven districts ( Figure 1 ) in Uganda's west central region.
The study area spans a relatively large geographic area with roughly 300 kilometers between the southern and northern most villages. The dominant cropping systems include maize, bananas, and coffee. Rainfall is moderate and altitude ranges from 1000 to 1800 meters above sea level. Smallholders keep cattle, small ruminants and poultry in extensively managed crop-pasture systems (MAAIF 1995; Nzita and Niwampa 1993) . Land holdings in the area are relatively small, averaging 2.65 hectares per household. Three land tenure systems are common: customary, freehold and mailo. The Bugoma and Budongo study area have undergone rapid settlement over the past 10 years largely by Bakiga migrants from land scarce Kabale District in southwestern Uganda. Livelihood strategies in the study area fall into five main categories: agriculture, livestock husbandry, collection of forest and wild products, wage labor, and self-employment (i.e. small business). The labor force is relatively stationary, suggesting few opportunities for households to generate remittances.
[ Figure 1 here] Deforestation is well known to be a major environmental issue in both western Uganda. In Uganda, land cover types and woody biomass were not formally documented until the National Biomass Study in 1996. The biomass study divided land into gazetted and ungazetted areas and provided estimates of total available woody biomass by category of land use. Approximately 36% of Uganda's available woody biomass is found in subsistence farmlands, 28% in woodlands, 14% in tropical high forests, 11% in grasslands, and the remaining 11% between hardwood plantations, built areas, bush lands, large-scale farmland, softwood plantations, and degraded tropical high forests. However, on a per hectares basis, tropical high forest provides by far the highest amounts of available woody biomass (224 t/ha) ( Table 1) . Degraded tropical high forest provides approximately half the per hectare woody biomass; subsistence crop land provides only 12.7 t/ha.
[ Table 1 
(c) Remote sensing data and analysis
We obtained freely available data from the online data pool at NASA's Land Processes Distributed Active Archive Center (LP DAAC) where satellite data are classified into land cover types at 500-meter resolution with quality control and assurance provided by MODIS Land Evaluation Strategy. 6 We selected averaged yearly land cover data for three years of interest (2003, 2007, and 2011) corresponding with the time frame relevant to our socioeconomic panel dataset collected in field sites in Western Uganda. The V005 and V051 data set span the temporal range of 2001-2011. Land cover classifications existed for fourteen different land cover types and due to our specific interest in vegetated forest and savanna conversion to cropland-we reclassified the land cover types into broader categories including forest, woody savanna, and savanna to denote varying amounts of biomass availability for household fuel use 7 .
After downloading the land cover type data and reclassifying the forest, woody savanna, and savanna into broader categories, we identified major land cover transitions of interest.
Using raster algebra, were able to identify 500 x 500 m pixels of land that were forestland in year 2003 and track these individual pixels in the subsequent years of our study-2007, and 2011. By combining raster algebra and the reclassify tool in the Spatial Analyst toolbox, we were able to create new land cover classes. We defined transition classes where a pixel of land that was forest in yeart-1 and cropland in yeart would join a newly created land cover class, i.e. "Forest->Cropland." These transitions were created to measure cropland conversion, forest degradation (Forest->Woody Savanna), and areas of limited change.
Because the land cover data are closely tied to the panel survey data collected at 18 villages, we then demarcated a 10-kilometer buffer zone circling each village and used the 6 MODIS/Terra+Aqua Land Cover Type Yearly L3 Global 500m SIN Grid. NASA Land Processes Distributed Active Archive Center (LP DAAC). ASTER L1B. USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota. 2001. 7 Evergreen Needleleaf, Evergreen Broadleaf, Deciduous Needleleaf, Deciduous Broadleaf, and Mixed forest were all reclassified into general "Forest" land cover type. Open and closed shrublands were reclassified into general "Shrublands" land cover type.
Tabulate Area function in the Spatial Analyst Toolbox to count the number of pixels of each land cover transition class for each village for the following periods- 2001-2011, 2001-2003, 2003-2007, 2007-2011, and 2003-2011 . We also measured land cover transitions at the district level to convey localized impacts with the broader shifts in forest and cropland.
(d) Analysis
Our first question is aimed at understanding the composition and determinants of fuel use over time. By combining remote sensing analysis with descriptive statistics of the type, quantity and location of harvest of biomass fuels we infer the impact of rapid deforestation and forest degradation on fuel use portfolios. To measure and characterize land use change, we employ remote sensing data as well as data on household-level perceptions of changes in forest cover and quality. We explore the role of rapid land use change on fuel use portfolios between 2007 and 2012. We estimate the volumes of fuel wood, charcoal and crop residues harvested by individual households from forests and non-forest environments, and use these to construct measures of household fuel portfolios. We present descriptive statistics to explore the variation in fuel use across time. We adjust monetary amounts from 2007 to be comparable with 2012 data using the average annual inflation rate between 2007 and 2011 of 10 per cent.
To explore the relationship between biomass fuel use and ARI we estimate a series of probit regression models using 2012 data and individuals at the unit of analysis. The dependent variable in these models is a binary indicator of ARI, which equals one if the individual reported combined symptoms of cough and difficulty breathing and zero otherwise. We estimated three models, one for the full sample of 1823 individuals, a second for only children, and a third model for only adults. The volume of biomass fuels consumed by the household are the independent variables of interest (i.e. volume of fuel wood from forest, volume of charcoal, volume of fuel wood from non -forest areas, volume of crop residues. In our analysis the maintained assumption is that fuel from forests is of higher quality than fuel from non-forest areas. This assumption in part rests on data presented in Table 1 which highlights the scarcity of biomass fuels in non-forest areas. Our unit of observation is the individual, but we control for a number of household-level characteristics including total income, the role of the individual (first, second or third youngest; primary, secondary or tertiary cook), extent of ventilation in the cooking setting, use of improved stove, household size, and age, gender and education level of the household head. We also include dummy variables for the study site as an indicator of broad differences in regional economic, demographic and biophysical conditions. For each of our models we estimate marginal effects. Descriptive statistics for all variables included in the regression models are summarized in Table 2 .
[ Table 2 here]
Results (a) Land use change and biomass consumption
Remote sensing data indicating the area of forest (predominantly tropical high forest), woody savannah, savannah, and cropland within a 10 km radius of village centroids are summarized in Table 3 . We consider data for two time periods will strongly influence the location where fuel is sourced as well as the types and quantities of fuel used.
[ Table 3 [ Figure 2 here] To corroborate our remote sensing analysis of land use change we asked households about changes in forest cover and quality for two time periods, 2003-2007 and 2007-2012. Respondents indicated major declines in both time periods in general forest cover and specific closed-canopy forest area. They also reported increases in flooding, soil erosion and water availability, which are consistent with observed patterns of deforestation.
Indicators of degradation include changes in the diversity of tree, animal and bird species, number of large trees and quality of water. All indicators point to a trend of considerable forest degradation in recent years, particularly for privately-owned and communitymanaged forests in the study area.
An important question for our analysis is what drives deforestation and degradation in our study area. In particular, to verify our hypothesized causal chain, we need to know that fuel collection by rural households is not a major driver of deforestation or degradation.
Both key informant interviews with village leaders and forest officials, as well as data collected in 2007 on area of forest cleared and the motivations for forest clearing verify that agricultural production and timber harvesting (Jagger et al. 2012; other) are the main contributors to deforestation and degradation. We assert that fuel harvesting plays a negligible role in forest degradation in the study area. Technology constraints (i.e. lack of saws) prohibit households from harvesting standing trees for fuel, and charcoal production is largely a by-product of the land conversion process; charcoal is often produced in tandem with land clearing for crop and livestock production (Shively et al. 2011 ).
We collected data on the type, volume and source (i.e. location of harvest) of biomass fuels consumed by households in 2007 and 2012 (Table 4) . 9 We present data for biomass fuels obtained from forests as well as fuels obtained from non-forest areas including fallows, agricultural lands, bush land etc. Forest fuels include fuel wood and charcoal. Fuels obtained from outside forests include fuel wood sourced from fallows, agricultural lands, bush lands etc., and crop residues. 10 In 2007, 74.2 per cent of fuel wood was sourced from forests as compared with 23.6 per cent sourced from areas outside of forests. When we compare these data with data from 2012 we find that there has been a significant change in where households are sourcing fuel wood from. Roughly half of the fuel wood the households in our sample use comes from forests, and the share of fuel wood sourced from areas other than forests has increased to 39.8 per cent in 2012.
We do not observe major changes in the quantities of charcoal used by rural households.
While charcoal often produced as a byproduct of forest clearing, the majority of charcoal is sold to traders who market it in Kampala or other major urban areas (Khundi et al., 2011; Shively et al., 2011) . Finally we observe a significant increase in the use of crop residues as fuels. In 2007, households were using an average of 2.6 kgs of crop residues per quarter.
However, by 2012, households were using approximately 30 kgs of crop residues over a three month period, accounting for between 6 and 7 per cent of total fuel use in the household.
[ Table 4 here]
We find that total fuel consumption per household has increased from 446 kgs over a three month period, to 500 kgs for the matched sample of households during the same quarter. Fuel wood (forest fuel + non forest fuel) accounts for roughly 12 kgs of the increase, with crop residues explaining the remainder. Finally, we find significant changes in the distance that households travel to the nearest forest. In 2007, the average time to walk to the nearest forest was 34 minutes. By 2012, the average time increased to 45 minutes for the matched sample of households. These findings are consistent with our remote sensing analysis confirming that deforestation is affecting the distance people need to travel to collect high quality fuel wood.
(b) Biomass fuel portfolios and health outcomes
We now turn to the linkage between fuel use and health outcomes. Our hypothesis is that the quantity and quality of biomass fuels used in households may influence health outcomes associated with exposure to smoke from biomass burning. We hypothesize that both quantity and quality are determinants of overall exposure to carbon monoxide and particulate matter, which in turn influence respiratory health outcomes. Our interest in this question is to connect our findings about land use change and fuel supply to health outcomes.
To assess whether individuals experienced acute respiratory infection we collected data on self-reported symptoms of ARI including fever, presence of cough, and difficulty breathing by replicating questions from the Uganda Demographic and Health Survey (DHS) designed to measure indicators of ARI. We collected these data for the three youngest children under 5 years, and for the primary, secondary and tertiary cooks in each household. While these individual indicators are not unique to ARI, when observed in combination they are strongly indicative of ARI. Data for ARI involved recall over the past 14 days. This time frame overlaps with our recall data on biomass consumption which includes all biomass consumed by the household during the past 30 days. We assume that fuel consumed by the household in the several weeks immediately prior to and during the 14 day recall period for health outcomes properly maps fuel consumption patterns to health outcomes.
Our data suggest a relatively high incidence of ARI for children under 5 (34 percent).
There is a strong negative correlation between age and presence of symptoms of ARI for children; among youngest children 38 per cent exhibited symptoms of ARI. Reports of ARI symptoms decreased with age, 30 per cent of second youngest children and 21 percent of third youngest children had symptoms of ARI. In our adult population 7 percent of women reported having symptoms of ARI within two weeks prior to the interview. Primary cooks had the highest incidence (12 per cent) and dramatic reductions in symptoms of ARI were documented for secondary and tertiary cooks (5 and 2 percent respectively).
We are specifically interested in the quantity and source of biomass that households are consuming, and whether consumption of fuels of different types and from different land uses might have an effect on observed health outcomes. 11 Our preliminary investigation of the correlation between the volume and type of fuel used at the household level and reports of ARI infection suggests that there are few significant differences between fuel wood sourced from forests, charcoal consumption and ARI outcomes (Table 5) . We do observe statistically significant differences between the quantity of non-forest fuel wood and symptoms of ARI, with a particularly strong effect for children under 5. Children in households that use larger quantities of non-forest fuel wood have a higher incidence of ARI. We find the opposite relationship between crop residues and ARI; that is individuals in households that use larger quantities of crop residues are less likely to have symptoms of ARI.
[ Table 5 here]
We explore the role of biomass fuels in determining ARI by running a series of probit regression models (Table 6 ). The primary focus of these models is to identify the effect of different types and quantities of fuels in explaining ARI outcomes when controlling for a number of important covariates including household income, the role of the individual in the household (i.e. birth order of children under 5; primary, secondary or tertiary cook), the cooking setting (i.e. outdoors, in well ventilated kitchen, in poorly ventilated kitchen), whether the household uses an improved stove, household demographic characteristics (i.e. size of household, age, education and gender of head), and study site.
We find support for our hypothesis that fuel sourced from non-forest areas is associated with a higher incidence of ARI, particularly for children. We estimate that a 100 kg increase in fuel wood from non-forest areas increases the likelihood of ARI by 2.4 per cent for children. To put this number in perspective it takes roughly 5-7 kgs of fuel wood to cook a pot of beans on a three stone fire. One hundred kilograms of fuel wood represents between 15 and 20 cooked meals. Conversely we find a significant negative effect of crop residues on ARI. A 100 kg increase in crop residues is associated with a 3.9 per cent decrease in the likelihood of ARI in children, and a 2.2 per cent decrease in the likelihood of ARI for the full sample of adults and children.
[ Table 6 here]
We find a weakly statistically significant positive relationship between income and presence of ARI in children. A possible explanation for this is that better off households have more cooked meals. Thus being a child in such a household suggests increased exposure to biomass smoke. However, we do not find a significant result for adults. Being the youngest child in the household or being the primary cook is a strong determinant of ARI. Second and third youngest children are 6.8 and 16.0 per cent less likely to have ARI than the youngest child. Our explanation for this is that the youngest child spends the most time with the mother, who is frequently the primary cook. We also observe a similar pattern for secondary and tertiary cook who would have far lower exposure to biomass smoke; they are 6.4 and 8.9 percent less likely to have ARI respectively. Surprisingly we don't find that ventilation or cooking with an improved stove have significant effects on ARI outcomes. Finally, household size plays a significant role as a determinant of ARI. We observe a significant and positive relationship between household size and ARI for the overall sample, and for children. For example, the addition of one person to the household increases the likelihood of ARI in children by 4.6 percent likely due to increased fuel consumption due to more mouths to feed. However, the sign on the squared term suggest that concave relationship with a downward slope as more people or added to the household.
Conclusions and recommendations
We highlight two main findings from our analysis. First, we find that deforestation, motivated primarily by clearing land for agricultural production influences the type and source of biomass fuels used by rural households in Uganda. While our study area has experienced rapid deforestation, the rate of forest loss is not atypical of other parts of East Africa where forests are found outside of gazetted or protected areas. Specifically we find that the types of fuel and the source of fuel used by rural households changed substantially between 2007 and 2012. Fuel from non-forest areas and crop residues became more commonly used increasing by 18 per cent and 5 per cent of total fuel supply respectively.
Our second major finding is that the source of biomass appears to be correlated with reported health outcomes. Specifically we find a higher incidence of ARI for households that are more heavily reliant on fuel sourced from non-forest areas, and a lower incidence of ARI among households that are more reliant on crop residues. Given that differences in total volumes of forest and non-forest fuels are small, we believe differences in fuel quality may be responsible, in part, for influencing negative health outcomes. This finding is particularly important in light of rapid deforestation and associated land use change, and potential constraints on future fuel supply.
These findings suggest several points of entry for health and environmental policy interventions. If one assumes that the availability of modern fuel and cooking technologies in the region will continue to be limited, and that adoption will therefore be slow, our findings provide prima facie evidence in favor of policies to promote the use of higherquality biomass fuels AND more efficient cooking technologies. Interventions aimed at providing information to households about the differential health impacts of biomass fuels, and supporting efforts to promote the planting of trees that produce high quality fuel wood are likely to result in health and socioeconomic gains for rural households in the short to medium-term. 
